" SAPTENZA

SEMINARIO
MEMS

MicroElectroMechanical Systems

Docente: Prof. Marco Balucani
E-mail: balucani@die.uniromal.it
Tel: +39 06 44585846

M. Balucani MEMS Seminario 1/211

SAPIENZA

EROVERSTTA K8 TO6eA.

+ SOMMARIO

— Prologo

— Introduzione

— Scaling

— Processi Tecnologici Fondamentali
— Esempi di Processi MEMS

M. Balucani MEMS Seminario 2/211

Elnr A i Koera
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A. Wafers, Chips, Boards :

Electronic systems are made from PC boards.
(Printed Circuit boards)

PC Boards have chips on them .
and some other electronic components.
Most of the system electronics is in the chips.
A chip is an integrated circuit (IC)

Chips are cut from silicon wafers.
On the wafers (or slices),
chips are called die (or dice, or bars).
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1. Photolithography

Boards:
Photolithe is used to make the wires.
Wires are called "interconnect”.

Wafers:

Photolithography is used
mponents b

the wires,

ple of photolith

consider the printing of a PC by

Start with a drawing of the wires that are needed

I'l
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Mask

Go to a specialty photo shop and get a print made;
dark image on clear background,
positive, not negative tone:

| =]

This print is the mask, to be used like masking tape.
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Photoresist

Photoresist is a liquid
that can be applied as a thin film
like paint.
It acts like the photographic film in a camera.

An image can be developed in photoresist

. A A R

~ photoresist
copper film

| “fiberglass board
cross section (side view)
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Exposure

Prepare a PC blank and lay the print on top of it:

clear plastic \
dark emulsion print

~ photoresist

~ copper film
~fiberglass board

cross section (side view)

Shine light from above
0 expose through the clear regions of the print
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Develop

After developing, the photoresist image
is identical to the original drawing.

hotoresist—"
..~ copper film
™ fiberglass board
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Etch

Etch the copper. Use a tank of strong acid.
The acid is a liquid in water,

The acid chemically reacts with the copper.
The reaction chemical dissolves in water. *

phatoresist—"
copper film
fiberglass board
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PROLOGO

We know how to do
PCB
What About
IC and MEMS
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Comunicare, ovvero scambiare informazioni, significa variare in modo
opportuno delle grandezze fisiche

Perché la comunicazione abbia luogo & necessario
che il fruitore dell’informazione sia in grado di
attribuire un significato alla variazione rilevata

Chiamiamo segnale una qualsiasi
grandezza fisica variabile nel tempo che
per convenzione O per natura Sia
“significativa”

Statica
(Cinematica)

Jermodinamica

Mentre chiamiamo disturbo un segnale
“non significativo” che interferisce

durante la comunicazione Bl ]icinet
Acustica
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L’Elettronica si occupa di elaborare e trasmettere segnali elettrici (per esempio,
correnti elettriche, differenze di potenziale, campo elettromagnetico, etc...)

segnali elettrici

Elettromagnetismo

(di solito)
segnali elettrici

Statica
(Cinematica)

Elaborazione Jermodinamica
E
Trasmissione

segnali elettrici

Trasduttore
Attuatore

Bio-medicina
Acustica

(di solito)
segnali elettrici
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IMEKO International Measurement Confederation

Convenzione

SENSORE: E un dispositivo che converte un parametro di una
grandezza fisica sotto test in una forma disponibile per il
suo trattamento mediante un apparato (di solito & un’uscita
elettrica)

TRASDUTTORE: E un apparato che cambia il formato d’uscita di un sensore
per facilitarne il calcolo, il confronto, la memorizzazione,

etc...
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IEC International Electrotechnical Committee
Convenzione

TRASDUTTORE: E un dispositivo in grado di trasformare una grandezza
fisica qualsiasi non elettrica in un’altra elettrica

CONVERTITORE: E quel dispositivo che ha sia in ingresso che in uscita una
grandezza elettrica

IEC

Trasformatori di variabile

apparati che rientrano nella
categoria dei sensorinon ~ SENSORE  <<====> TRASDUTTORE

avendo in uscita una
grandezza elettrica ~ TRASDUTTORE <<———> CONVERTITORE

1986 Padova - proposto il termine Senduttore
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IMEKO

con def. Trasformatori di variabili

segnali elettrici va
Trasduttore

segnali elettrici

Statica
(Cinematica)

Jermodinamica

Elaborazione
e
Trasmissione

segnali elettrici

Trasduttore
segnali elettrici
Attuatore

Bio-medicina
Acustica
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MEMS: MicroElectroMechanical System
Un sistema microelettromeccanico € in insieme di passi di
fabbricazione  (micro-frabbricazione) che contiene
componenti elettronici e sensori e/o attuatori di una
grandezza fisica significativa con dimensioni che vanno dal
nano-metro al millimetro.

B
1um <L< 300um
Surface Micromachined “Classic MEMS™

300 ym <L< 3 mm
Bulk silicon/wafer bonded structures “MEMS”

10nm<L<1pm
NanoElectroMechanical Systems “NEMS™

USA: Microdynamics, Mechatronics
Europa: Micro System (Technology), Mechatronics
Japan: Micromachines, MicroRobotos, Mechatronics
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Miaromachining
(Microfabrication) Microstructures |:> MEMS
lithography Plates
Oxidation Holes Microelectronics
Evaporation Beams
Deposition Diaphragms Microsensors
Plasma etching Tips
Chemical etching Posts Microactuators
Bulk p-machining Channels
Surface p-machining Nozzles (M? systems)
LIGA Cavities I::)
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Sistema Microelettromeccanico

TUTTO INTEGRATO SU UN SOLO CHIP O MCM

Elettromagnetismo

a fisica signiﬁcativa

Statica
(Cinematica)

Jermodinamica

Bio-medicina
Acustica
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R iy Teos Spsbenonks, 5% e

M. Balucani MEMS Seminario 19/211

INTRODUZIONE

M. Balucani MEMS Seminario 20/211

INTRODUZIONE

7 Lix—%@idths

e,

M. Balucani MEMS Seminario 21/211

24/11/2010
M.Balucani SEMINARIO MEMS



" SAPTENZA

2l

==
seofavius " ¥

at e
T OWRS e SR WGe TR 300
oo

Z-arders of mognifude
reduction i fransistos size b 30
e,

Selb B TLR INTRODUZIONE
Transistor Size Scaling
i fronsision G
" size: of burmion biood crll oz aswich

M. Balucani

MEMS Seminario 22/211

INTRODUZIONE

E mm m Q---_._‘ &
E ey 1
= mh k_'_'_“'“-'—a-—-...__ LT
- - -
Z ] m=e
E parvier thickness*  — ® 004
wE i
E - -
equiralent gate thickness |
o . . L
203 ooy S
Vear
et : o P
M. Balucani MEMS Seminario 23/211
SAPTENZA INTRODUZIONE
1997; 2005:
Sl Sl
5i0, 510,
Al Al & Cu
silicides silicides
w w
SiGe TiIN
Ta
- CoWwP
- low-k
Ge
high-k
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The three peradigins for miegrated circuil svolulion:
= massively paraliel manufacture of cincult elements

= scaling
» matenals substivdion ...
napomalenals?
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Semiconducling Nanolube FETS
Vicwy high clectnon and hole mobilifies i CVIDSWHT: beck-nele FETS

* Buing ~ 70 aAtoe [
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ElmnemaTa i Roera
The three paradiipns for inlegrated circuil exclulion:
— = mEssively paraliel menufaciue of cikuit clemenis
= scaling
» materials subslidion .. ...

nanomaterials?

use of nanemakerials n 1Cs will
regure technigues for massively
parallel assembly

NANOELECTRONIC
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SAPIENZA INTRODUZIONE
MEMS History

« 1950s: Silicon anisotropic etchants (e.g. KOH) discovered at Bell Labs

« Late 1960s: Honeywell and Philips commercialize piezoresistive pressure sensor
utilizing a silicon membrane by anisotropic etching

* 1960s-70s: research at Stanford on implanted silicon pressure sensor, neural probes,
and a wafer scale chromatography

« 1980s: The first Silicon Valley microsensor and microstructure industry by K.
Petersen (IBM), H. Allen, J. Knutti, S. Terry (ex Stanford students)

« Early 1980s: Berkeley and Wisconsin demonstrate polysilicon structural layers and
oxide sacrificial layers....rebirth of surface micromachining

« 1984: integration of polysilicon microstructures with NMOS electronics

« 1987: Berkeley and Bell Labs demonstrate polysilicon surface micromechanism;
MEMS becomes the name in U.S.; Analog Devices begins accelerometer project

« 1988: Berkely demonstrates electrostatic micromotor, stimulating major interest in
Europe, Japan and U.S.; Berkely demonstrates the electrostatic comb drive

« 1990s: silicon ink-jet print heads become a commodity
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Electrostatic Comb-Drive Resonator

New Idea: Structure moves laterally to surface

Esempi di MEMS
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Analog Device Accelerometers
- Integration with BICMOS linear technology
- Lateral structures with interdigitated parallel plate
sense/feedback capacitors

_——

- ADXL — 05
(1995)

Esempi di MEMS
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Self-Assembly Processes

Alien Technologies, Gilroy, Calif.

chemically micromachined
“nanoblock” silican CMOS
/ chiplets fall into minimum energy . .

sites on substrate

nanoblocks being fluidically
self-assembed into embossed
micro-pockets in plastic antenna
substrate

Esempi di MEMS

Y/
Prof. J. Stephen Smith, UC Berkeley EECS Dept. = \\\
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Power Fuel Cell Stacks (April 2005) Neah Power Systems
S S _

8 Bectrotpe
Silicen Cathode,
IIIIIIIII{II- e "
LLLLELRLEY L . |
Carbon Disnide
I: i By-product

Fusl & Elsctrobyn

Esempi di MEMS
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Mission Impossible

Esempi di MEMS

Military self

distruction chips
USA

RUSSIA
CINA
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ERMTVTRAITA K4 BN

Power Needs of Radio
Micro Power Output

g

| z
Present Time

Esempi di MEMS

Micro Power & Integration

Battery printed on mote
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15x15x1mm
Magnet

Proof Mass

Anche sfruttando
radioattivita

Particelle B*+-

(-) Elettrone e antineutrino
(+) Positrone e neutrino

Applied
Load

Esempi di MEMS
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MEMS (NEMS?) Memory: IBM's Millipede

Array of AFM tips write and read bits:
potential for low and adaptive power

"MILLIPEDE"

Highly parallel, very dense AFM data storage system

Multiplax driver

Esempi di MEMS/NEMS

Storage madium

{thin erganic film}
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path_of confiever
gihof contl

— —— —TJ7T Tedeleminedvole oz bL——

Ly e [ =44 = | 4¢]

magnetic flat magnetic sample
domains
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Electrostatic NEMS Motor
Alex Zettl, UC Berkeley, Physics Dept., July 2003

multi-walled carbon nanotube
rotary sleeve bearing

Esempi di NEMS
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Esempi di MEMS
: = A

Permalloy beam ~ Copper coil
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Esempi di MEMS
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Rotary moion

Esempi di MEMS

Wil gere

20eY KR 9 (€

Wi pacain

SAPTENZA INTRODUZIONE

Microcanali 3D in
PDMS

Microstrutture if
realizzate attravers
Embossing
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The value of MEMS production is expected to double over the next five years

MEMS market forecast 2007 - 2012 in value (USD million)

USDrmillion
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Preliminary TOP 30 Worldwide MEMS Manufacturers
2007 Revenues (Yole Estimations)

Sakes (USD 1)
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= \ MEMS FAB Organization
€ oy ﬁa_ﬁ
Front-End ¢ g N

} OUTSORCING

M. Balucani MEMS Seminario 46/211

INTRODUZIONE

. o NI FAB Example

Eqlprent-Bypack

Supply ng Daposal - Floce

L]
Gases/hir o] = Energy, Meat
Chemicals e Exhaust (A, Gases ete)
Supply Yo [T e e Disposal
Wafer - i T waer
M. Balucani MEMS Seminario 47/211
SAPTENZA INTRODUZIONE
Cleanroom

“Una camera dove la concentrazione di particelle sospese
viene controllata. Costruite ed utilizzate in modo da
minimizzare 1'introduzione, la generazione e la ritenzione di
tali particelle all’interno. della camera, e¢ dove gli altri
parametri significativi come la temperatura, I'umidita e la
pressione sono controllati secondo le necessita.”

(ISO 14644 -1)
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al [

Dimenzioni delle particelle (um)

Cleanroom Classification

Federal Standard 209

ISO 14644-1
(VarsiopAR) Classification
US 1963-1988
Class limits :N* di particelle per ft* Cancentrazione massima (particelle/’)

3

‘r 75 » NA
0 NA 50 00 100 NA
o NA NA NA 1000
NA NA NA 10,000
WO NA NA NA 100000 700
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Market

Fabless

( Progettazione )

M j Foundry
I i)

(Realizzazione)

*PROGETTAZIONE

Fabless
*REALIZZAZIONE

Foundry
*PROGETTAZIONE/REALIZZAZIONE

Captive
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Modelli Business | e |
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| b | - f SN | Al
=y W 1 * GaBrw
- -
P
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DIMSE/T FABLESS must!
D/E/T Alignment Verification Data Requirements
W Pirysical Layout Design Rules
A Misinwmn grametry (minfuym dosign grownd mles)

Mechanical and Electrical Design Rules

m Ek Expected, best and worst case for device mechanical and electrical

&  paameters -
(o2 Yy Lp Vo i)
A Porashic offects
B Frocess Equipment Lixt {baseline set under comideration)
= Process Flow
N Product end Technology Readmap
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N %
* Why is scaling important for MEMS? : e <

*MEMS are often >1000% smaller than macro 4
counterparts.
*We need to develop new intuition of microscale
phenomena.
+Otherwise, different scaling of any one property
can be a big roadblock!

b

» Constraints on life
+ Land-based life contends with gravity at large
scale, drying out at small scale.
» Water-based life increases range of sizes by
evading gravity and drying out.
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AT an Rosea Scaling

Bug’s Life

* Most abundant creatures are 1-2 "
mm in size.

* Walking on water is possible as % }
surface tension supports small :
weights, but swimming is not fun. u‘, i

* Bugs are cold-blooded to manage
faster cooling and heating.

» Bugs are not easily injured.
* They can lift 10-50x their weight.

* They jump roughly as high as
people do! ’
Work = weight x height

Force ~ muscle mass
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; WS‘ ‘.”E.L lmm Scaling
J. B. Haldane (www.physlink.com/Education/essay_haldane.cfm)

Can a flea out-jump a man?

People still believe that if a flea were as large as a man it could jump a

thousand feet into the air. As a matter of fact the height to which an animal
can jump is more nearly independent of its size than proportional to it.

Do you believe it?
Q: How high can an animal jump?
The force that can be applied by a limb is
proportional to its area. The work done by the limb is
the force applied over the distance traveled...
A=al? | = AL = W = KAl = kL3
The work done is transformed into gravitational
potential energy:

mgh=W =
h=W/mg = kailL®/ pgL3 = kailpg
M. Balucani MEMS Seminario 55/211
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. 1 ,

Swimming F,=¢, ,pAr
» Mass of muscles ~ [s?] ] ]'
« Drag force Fp, ~ [s7] F o= 2;1-!!'

« Larger creatures have greater
swimming speed

Flying is more complex
+ Massof muscles ~ [s?]

+ Weight ~ [s?]
+ Drag force Fp ~ [s?]
« Lift force F_ ~ [s4] I
* Larger means fas?er flight but more # [
power to keep weight aloft e = i
S
M. Balucani MEMS Seminario 56/211

Ihllr-.nl:ihnlm Scaling
Matrix Formalism
Matrix shows dependence on length scale [s] for different cases in
simple format. Nominally s=1, if s is then changed to 0,1 all dimension
of the system are decreased by a factor of ten if the law is linear
e
S =
s 2
SZ
Sl = st
s a:f:[sFIs*]:
4 ' m s°
S S
Fi= S st 15
3! S
S 1 Z: 1 il
2X )2 2Xm )2 e
o | = (—j :(—] (SIS D =
st a F s
s" s
=] W.S.N. Trimmer, Sensors and Acuators, 19 (1989) 267-287
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ERMTUTRSITA DA RoR2s
Power
Sl sl S—15 0.5 5—25
FX SZ sl sfl SZ P sfl
Rl == P =
t S3 sl S—O 5 53.5 SO 5
st st s° s® 52

Power generated

Force laws with higher power than
s2, the power generated per volume
degrades as scale decreases
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Bubble Pressure

The net upward force on the top hemisphere of the bubble is just the
pressure difference times the area of the equatorial circle:

Fre= (8 — B,
The surface tension force downward around circle is twice the surface
tension times the circumference, since two surfaces contribute to the

foce Fimard = 28 (277)

This gives 4T ;
f-P= e ;:ﬁ TN
Y Teiy
P _r - vwm-mw
;—r =2 ‘«\_,:;

This latter case also applies to the case of a bubble surrounded by a

liquid, such as the case of the alveoli of the lungs.
Ap for water drops of different radii at STP

Droplet radius 1 mm 0.1 mm 1um 10 nm
Ap (atm) 0.0014 0.0144 1.436 143.6
M.‘ Balucani MEMS Seminario 59/211
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Surface Tension
»  Suriecs tasion or capllleny formes sonls wili oy
petimeter of wetted area -~ 1) AP =—2 = F = APA
= B {10 g el T v o oot i forualic en R
L

- mmmﬂmumm:- F =[5 Is ]:[s]

Lins serfans Teaslon of Bguld polsmesr and molisn sl droplds e
astfamsambls Mingsd RERPS Ints deslred posiloas.
——] : * Tar™ T2MHIN, Tasspoynan = S0 MM & 25

m,ﬁ-mﬂmmh 1070 i o 1200°G,
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mms' ”EB'ZQ Scaling
Mechanical Strength
Cantilever bending (Mechanical Parameters) \

Force F

Density of Material = 3.5 x 103 kg/m3

Young’s Modulus = 1012 N/m? Deflection dI

Material properties such as Young’s modulus remain approximately the
same in the micro and macro versions.

However, they are relatively more different in case of nano dimensions
because nano dimensions come closer to molecular level.
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CRCVERSTA I BONA
Mechanical Strength
Consider that the dimensions of the cantilever are reduced 10000 times, i.e

the length, width and thickness change from 100 cm, 10cm and 1cm to
100microns, 10 microns and 1 micron respectively.

If S represents any dimension in general then,

Mass
Mass = Density x Volume = Constant x S3
Therefore mass goes down (104)3 or is reduced 10'2 times as the original beam

Strength to Mass Ratio

Total strength scales with its cross-sectional area. Hence, total strength scales
as S2. Hence, total strength to mass ratio scales as S-'.

As a result, the micro cantilever is 10 times stronger than the macro model.
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Mechanical Strength

Deflection Fm‘\pp AF|3 lengtn
d =

A=/3E - ﬁf\.mickness

width

Young's Modulus
Moment of Inertia

Force will vary with cross-sectional area if the stress is to be kept constant

Therefore, deflection is proportional to S'. Therefore, the same stress is
generated in the two models if the deflection in the microcantilever is 104
times the deflection in the macro model, thus maintaining the bending shape.

A much smaller force can be sensed (108 times) with the micro cantilever.

Strength-to-weight ratio = area/weight ~ [s™]
Stiffness ~ [s']
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SAPTENZA
ERCVERNTA 4 Robek

Scaling

Frequency o
[} 5
2elw
Frequency scales as the square root of the ratio of the stiffness and
mass. Thus, frequency scales as S-'. Hence, micro and nano
applications can be high frequency applications.

Huang et al have achieved a

nanomechanical silicon carbide
i, resonator for ultra high frequency
applications.

Resonant frequencies have been as high
as 632 MHz.

2= Reference :
Tl .o bu, i i pdf

MEMS cantilever 100 x 3 x 0.1 ym3, f0=12 kHz

NEMS cantilever 0.1 x 0.01 x 0.01 ym3, f0=1.2 GHz
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Electrostatic Forces

= Caleulaie the force exeried between the plates of a
parellsl plode capachor
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Electrostatic Forces

= Twm regimes in breakdown F=_§%£[”Ez]
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curve 3
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Magnetic Forces

= Constant cment density ~[+1]  [-
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Electrostatic vs. Magnetic
Microactuation
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An electrostatic micromotor An electrostatic comb drive actuator
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ml;aEmm Scaling
Inertia
= The dimensioniess Reynolds number Re represents mfie of
Ineriial to viscous forces (drag) prd
« fid donekiy p Re=22F]
* object veloclly v P
= chanocieilee \.r:_SG—[éum."s
oo izl £ pg =1 31521,.\-,2_.-5 /
= fuEvieoesy B g = 15 105 mis T e
Re,, = 0.0016 o Li /
« Flow regimes R, g = 0.025 | . »
= Res<1: laminar fow, followlng smocth - /
ciressnlives o . /
= RIERES: regiang -". e agf A
= Vienews forcss dominste and insiisl i /
forces con be neglecied
+ [Fa= 2000 bomiime fiow / ¢
» [Re> Z0E hubulwt Sow, compls v
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Scaling
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Microreactors

= Heat transfer and mass
h’amfar-[s"‘]
« Higher surfacs amea to
volume ratios give
microreaciors highsr yields.
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Summary of the scaling

sl surface tension, electrostatic where E=[s0-5]

52 electrostatic where E=[s?], pressure forces, biological
F S force, magnetic where J=[s"]

53 magnetic where J=[s05]

34 magnetic where J=[s°]

Force law that behave as [s'] and [s2] are the most promising

Don't fight forces that scale as [s']
. Friction
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SAPIENZA Flow chart of micro-manufacturing process
SACVERSITA I ROMA

m - Micro-fabrication requires multi-disciplinary co-work

Fabrication ‘

l

Measurement and - Cost of Test and Packaging
Test = 70% of total cost

Packaging
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Process flow of IC & MEMS fabrication

* Processes of IC and MEMS are almost the same
* Process complexity/yield depends on repetition of central loop

Is a must:
l Process steps go from high T to lower T

Deposition, N
Oxidation, Diffusion [~ | Lithography
(C) .J 1—{ Cleaning (C), (PR Stripping + C) }—l

The cleanliness of wafers during processing is

so critical that every wafer is cleaned prior to any

high temperature or deposition step. Complex C h | ps
sequenceof acid and alkali solution are utilized

to remove particles, organic films, metals and

any pre-existing “native” oxide films. The most

commonly used clean system in the industry is

the RCA clean
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Deposition, :
Oxidation, Diffusion [ | Lithography
©) J 1—{ Cleaning (C), (PR Stripping + C) )_I
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A. Make silicon from sand.

B. Make the silicon very pure.
C. Form the silicon into a large single crystal
(ingot, boule, ampule),

which is cylindrical in shape.

D. Grind & finish the crystal.

E. Slice up the crystal into wafers,
F. Round the edges.

E. Polish one side of the wafer. Clean.

M. Balucani MEMS Seminario 77/211
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*Raw Material: Silicon is the raw material of course, the crucible Electronic Grade Poly

at the right is filled with pure Polysilicon chips. These chunks of Poly
have been made from sand by means of different complex reduction

steps and final step i urification process using Trichlorosilane and
Hydrogen.

Si02 + 2C = Si + 2C0

> 300°C .,
Sl stioptadhiClas): > 1SIHClagasH2

(gas)

Giling point 32°C

SiHCI3 + Hp = Si + 3HCI

Then the Polysilicon is further distilled and reduced and finally
deposited on heated Titanium or Tantalum tubes. After further
processing it becomes the material you see at the RIGHT or it may be
in a granular form. The Poly is in a quartz container called a crucible
and this material is now ready to go on to the next processing step in
the manufacturing of a high quality Silicon wafer. This part of the
manufacturing process is carried out by large Silicon manufacturers or
the material is sometimes purchased by Silicon companies from other
vendors.
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Monocrystalline Silicon

Polycrystalline Silicon

M. Balucani MEMS Seminario 79/211
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*Crystal Pulling is the next step in the Manufacturing of
a Silicon wafer. In this process the Polysilicon chunks or
granules are loaded into the Quartz crucible of the Crystal
pulling furnace along with a small amount of either Boron,
Phosphorus, Arsenic or Antimony dopant. The Polysilicon is Quartz crucibla
then melted at a process temperature of 1400° C in a high
O purity Argon gas ambient. Once the proper "melt " is
&= achieved a "seed" of single crystal Silicon is lowered into s [ff— Heat shield
the melt. Then the temperature is adjusted and the seed is
B= rotated as it is slowly pulled out of the molten Silicon. The = .
= surface tension between the seed and the molten Silicon [f[~ Craphite crucible
L= causes a small amount to rise with the seed, as it is pulled Crucible support
(U and cooled into a perfect monocystalline ingot with the same 5
crystal orientation as the seed. The cut-away view at the
RIGHT is of the lower portion of the crystal pulling furnace,
© these machines can stand 350-500 cm high and are quite
@ complex in nature. These furnaces also must be very stable
= and vibration free since the process takes hours and the
slightest jarring of the furnace can break the Ingot from the
seed.

Silicon Ingot

cation

Water cooled jacket

Carbon heater

Spil

Cz crystal pulling furnace

M. Balucani MEMS Seminario 80/211
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*Next the finished Ingot is ground to a rough size diameter (a little larger

than a finished wafer) and it is either notched or flatted along it's length to

indicate the orientation of the Ingot. This is also a point when many

inspections are made on the ingot to catch any major flaws or problems with i R
s

resistivity etc. The 200mm and 150mm ingots at the RIGHT are freshly pulled
and have not yet been ground, notched or flatted

+Slicing: In the next step the Ingots are sliced into wafers using a
diamond ID saw or other type of saw. Deionized water is used to cool the
blade on this ID (inside diameter) saw. The saw at the RIGHT is slicing
150mm wafers and if you look closely you can see the major flat of the wafer
on the left

d

sLapping is next, in this step the Ingots have now become rough cut Silicon
wafers with saw marks and other defects on both sides of the wafer. Also at this
point the wafer is much thicker than it will be when it is finished. Lapping the
wafers accomplishes several things, it removes saw marks and surface defects
from the front and backside of the wafers, it thins the wafer and relieves a lot of
the stress accumulated in the wafer from the sawing process. Both before and
after the lapping process many in-process checks will be done on the Silicon
wafers and more fall-out will occur. After lapping the wafers go thru several
cleaning /etching steps using sodium hydroxide or acetic and nitric acids to
remove microscopic cracks and surface damage caused by the lapping process,
this is followed by followed by deionized water rinses.

Silicon wafer fabrication
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<Edge grinding or rounding is an important part of the wafer manufacturing process,
it is normally done before or after lapping, this rounding of the edge of the wafer is very
important! If it is not done the wafers will be more susceptible to breakage in the remaining steps
of the wafer manufacturing process and the device manufacturing processes to come. If you look
at the edge of a finished wafer you will see the edge rounding even in the notch area of 200mm
and 300mm wafers. On the best Prime wafers the edges are also highly polished, this can
improve cleaning results on wafers and reduce breakage up to 400%. Process Specialties has
seen a notable yield differential between poorly and perfectly edge rounded material.

*Polishing is the next step in the wafer manufacturing process.
Most Prime wafers go through 2-3 polishing steps using
progressively finer slurry (slurry is the polishing compound). The
polishing is normally done on the frontside of the wafer, but
sometimes it is done on both sides. Polishing is done on huge
precision machines that are capable of extraordinary tolerances..
Prior to final polishing some wafers may receive what is called
backside damage, two examples would be bead blast and brush
damage. The wafers may also receive a backside coating of
Polysilicon, all these treatments are done to the backsides of the
wafer for the purpose of Gettering defects (later in the device
manufacturing process these backside treatments will draw
defects in the Silicon towards the backside of the wafer and away
from the frontside where the devices are being built, this is called
Gettering). After polishing the wafers are rinsed in DI water and
scrubbed to remove any residual slurry compounds from the wafer

icon wafer fabrication

S
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*Final Cleaning: The next step in the process after polishing is a rather | .
intense regimen of cleans and scrubs to remove trace metals, residues and
particles from the surface(s) of the finished Silicon wafers. Normally most
wafer manufacturers use a final cleaning method developed by RCA in the
1970's the first part of this clean is called SC1 and consists of Ammonium
Hydroxide followed by a dilute Hydrofluoric acid clean followed by a DI water
Rinse. Next the SC2 clean which consists of Hydrochloric acid and .
Hydrogen peroxide followed by a DI water rinse. Many companies modify
these cleans to make them even more effective. After all this cleaning and
rinsing the finished wafers will now go through a front and backside scrub to
remove even the smallest particles. ¥

*Final sort and inspection: This is one of the last steps in the long
wafer manufacturing process. It is here that the wafers either meet or fail the
specifications the customers (IC & MEMS manufacturers) have asked for.
There are many specifications the final prime wafers must meet according to
agreements made between the customers and the Silicon manufacturer. We
will talk about these specifications in a generalized form here, some
specifications are tighter, some more relaxed depending on the end user and
their requirements. Not including particles and other visual measurements
most final sorting of wafers occurs on a automated system like the ADE 9650
pictured at the RIGHT. These compact systems can measure many different
parameters including Thickness, Bow-Warp, TTV, Site & Global flatness,
Type and Resistivity

Silicon wafer fabrication
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*Prime Grade - The highest grade of a silicon wafer. SEMI indicates the
bulk, surface, and physical properties required to label silicon wafers as
"Prime Wafers". Used to manufacture devices, etc., best grade has tight
mechanical and electrical properties

*Test Grade - A virgin silicon wafer of lower quality than Prime, and used
primarily for testing processes. SEMI indicates the bulk, surface, and
physical properties required to label silicon wafers as "Test Wafers". Used in
research & testing equipment.

*Reclaim Grade - A lower quality wafer that has been used in
manufacturing and then reclaimed (etched or polished) and subsequently
used again in manufacturing

icon wafer fabrication

S
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Czochralski process: widely-used to make single crystal Si

Silicon wafer fabrication
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Silicio Policristallino

[ =——3
- -

|_—> Lo Crescita
-
—_ Monocristallo
S
Taglio

Lappatura @ ‘_I

Attacco Chimico - I
==

Lucidatura W '
..i_ = -
o=t Wafer Silicio
! WAFER DI SILICIO

Silicon wafer fabrication
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Struttura cristallina cubica a diamante.
Cella elementare di lato a=5,43A

Ne di coordinazione 4:
ogni atomo ha 4 vicini distanti d=2,43A

disposti ai vertici di un tetraedro con -
i quali forma dei legami covalenti .
La struttura cristallina si ottiene ;

intersecando due celle cubiche a

facce centrate traslate di % lungo

la diagonale principale

Atomi/centimetrocubo: 5-1022 atomi/cm3
(8),+(6)r+(4),=(8/8)+(6/2)+(4)=8
8/a3=8/(5,43-10%)= 5.102 atomi/cm3

atomi g

. _em® moli _ 5-10%-2809 _ y
Density =—Ztomi  ~ 6,02-10% e
moli
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I piani cristallografici sono indicati dagli indici di Miller ottenuti:

a) Trovare I'intercetta del piano sugli assi cartesiani in funzione del passo reticolare

b) Prendere il reciproco di tale numero e ridurlo al pili piccolo intero (ovviamente conservando i
rapporti)

c) Racchiudere il risultato in parentesi (hkl) e si ha I'indice di Miller del piano

- Kl ESEMPIO
5 e [ vl Intercette a: x=a, y=2a, z=2a
) J'L‘ Reciproco 1, %, % Intero pi piccolo 2,1,1

Piano cristallino (2,1,1)

=1 x Plane (2,1,1)
Piani (100), (110), (111) > piani equivalenti {100}, {110}, {111}
Direzioni [100], [110], [111] > direzioni equiv. <100>, <110>, <111>

11008 gl > (111
ool 4 i & 1h plane
M. Balucani MEMS Seminario 88/211
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Silicon Crystal Origami
.(EE’I‘ [EL1 aly
G

oy
= Silicon fold-up cube 5 A .
« Adapted from Profs. Kris DI GE %:;i\“ a1 4
o = {100} = : n e ooy 'Ej 1
* Printontotransparency |2 | = |8 = 3| = |8
* Assemble inside out Thm | mm || o
- Visuslize crystal plane <l
i . i . {100y
and dinections: =
edy, UCLA
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EIMOS FIPOS

Separation by IMplanted OXygen Full Isolation by Porous Oxidised Silicon

TR T Y e

BESOI |: ] E,wr;m—i e
gondet_i‘andgtched back SOI o= ! Ak 4= 4

=

;;;ﬂe_::‘fh”L I Wil el XN

e N e o [T = S

— o e

| B g% = = ‘*‘E

e — =

Wafer SOI 8” = E ==
2000 - US$ 500(300-800) E E E 5%
2007 - US$ 300 (200-500) M. Balucani MEMS Seminario 90/211
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Silicon purified isotope wafers or epi layers
Natural silicon contains three isotopes - Si-28 (92%), Si-29 (5%), and Si-30 (3%).

Removing essentially all of the heavier atoms leaving a material that is greater
than 99.9% silicon-28 brings to a more perfect crystal structure, which in turn
allows heat to be transported within the crystal more efficiently.

For isotopically pure silicon (28Si) thermal
conductivity improvements as high as sixfold at 20
K and 10%-60% at room temperature have been
reported. Device heating during operation results in
degradation of performance and reliability
(electromigration, gate oxide wearout, thermal
runaway).

Main R&D using 28Si is to increase thermal
performance of:

*Packaged RF LDMOS power transistors

+Density of integration

N

Themnal conductivity & (W e 'K')

10 100 1000

Temperature T (K)

Thermal conductivity (25°C) 1.3 W cm °C”'
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Properties of Silicon
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Increasing doping

Mobility electrons
Mobility holes
Diffusion coefficient electrons
Diffusion coefficient holes
Electron thermal velocity
Hole thermal velocity
Dielectric constant (300K)
Refractive index (300K)

77K < T < 400K

Melting point 1414 °C
Thermal conductivity (25°C) 130 Wm-'K-!
Coefficient of Thermal Expansion 2-3-10° K1
Breakdown field =3-105V/cm

<1400 cm? V-'s™!
<450 cm? V-'s™

<36 cm?/s

<12 cm?/s
2.3-10°m/s
1.65-105m/s

1} 74

n=3.42
n=3.38(1+3.9-10°T)

silicon absorption coefficient

-1
1
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Mechanical Properties of Silicon

+ Crystalline silicon is a hard amd britthe meaterial that
deforms elastically urtll it reaches s vield strength,
at which point it breaks.

Tenslle yiski shengh = 7 GPa (~1500 |b suspsnded from 1

mm’)

Young's Modulus near theat of steinlecs stsel

= 100E = 1 G {1108 = 188 GRec {111} = 1868 GPa
Kechanical properties uniform, no intlineic siees

»

» Niechanlcal integrity up to SO0FC
= Gooet thermal conductor, losw thermal sxpansion cosffickent
= High plezoresistivity
M. Balucani MEMS Seminario 93/211
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Wafers

.J 1—{ Cleaning (C), (PR Stripping + C) )—I
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Deposition processes

- Issues of deposition : Compatibility, Conformality
- Process:

Spin casting/Spin coating

PVD - physical vapor deposition

CVD - chemical vapor deposition

Barrier layer formation
* Materials
- Si0, : most common
- Si3N,, polysilicon and metals are used in the process flow

Deposition, Oxidation and Diffusion

* Process
- Thermal oxidati Evap i p! ing, CVD
M. Balucani MEMS Seminario 95/211
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Thermal oxidation
- Fundamental process for silicon device fabrication
- Silicon is consumed as the silicon dioxide is grown

- Growth occurs in oxygen and/or steam at 800-1200C
~2um films are maximum practical

- Oxidation can be masked with silicon nitride,
which prevents O, diffusion

Deposition, Oxidation and Diffusion

Silicon nitride
Sio,

Si
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Thermal oxidation

K

S

& Process parameter: temp. and time

£

©

&

S | Lower temp. 4 _ Original
2 : : bxx  time 0.54 1, surface
5 Thin oxide 0461,

2 =

& | Higher temp. | i ;

¢ | Thick oxide Si wafer

Z‘%

o

L

[

a Si+0, > Si0, for dry oxygen

Si+2H,0 — SiO,+2H, for water vapor
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- Nanometrics

Deposition, Oxidation and Diffusion
I e m
I

Si02 COL@R CHART
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Chemical Vapor Deposition - CVD

« Gases dissociate on surfaces at high temperature
« Typically done at low pressure (LPCVD)
rather than atmospheric (APCVD)

* LPCVD pressures around 300mT (0.05% atm)
* Moderate temperatures

- Si0, : 450C

— polysilicon : 580-650C

- Si,N, : 800C

— Si3N, : 900-1000C LPCVD low stressed
« Very dangerous gases

— Silane: SiH4

— Arsine, phosphine, diborane: AsH;, PH;, B,Hg

Deposition, Oxidation and Diffusion
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CVD process

Process
(1) Gas phase is injected into the chamber
(2) Thermal decomposition and/or reaction
of gaseous compounds occur on the substrate surface
(3) Desired material is deposited directly from the gas phase
to form thin layer

Deposition, Oxidation and Diffusion

- Wafers —
J U U U = | T0 exhaust
N, H, HCI LID tl:....... Sl
opant+
212 SiCl,+ H, 2 Susceptor
M. Balucani MEMS Seminario 100/211
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Deposition Issues - Conformality

« Conformal coating covers all surfaces to a uniform depth

« Planarizing coating tends to reduce the vertical step height
of the cross-section

» Non-conformal coating deposits more on top surfaces
than bottom and/or side surfaces

— i . —

Deposition, Oxidation and Diffusion

Conformal Planarizing Non-conformal
M. Balucani MEMS Seminario 101/211
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Physical Vapor Deposition - Evaporation

« Evaporate metals in a tungsten crucible
— Aluminum, gold

« Evaporate metals and dielectrics by electron-beam
— Refractory metals (e.g., tungsten)
— Dielectrics (e.g., SiO,)

« Typically line-of-sight deposition
« Very high-vacuum required to prevent oxidation
(e.g., Al)

Deposition, Oxidation and Diffusion

M. Balucani MEMS Seminario 103/211
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Evaporation process

(1) Heating target with desired material to evaporate
in the vacuum chamber
(2) Thin film is formed on the substrate

Disadvantage: high temperature, high vacuum

Vacuum substrate

D?/o ®
E-beam o b,
o 0o o

———
Tttt
heating
M. Balucani MEMS Seminario 104/211
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Physical Vapor Deposition - Sputtering

« Sputtered metals and dielectrics
— Argon plasma sputters material (small #s of atoms) off target
— Ejected material takes ballistic path to wafers

% Typically line-of-sight from a distributed source

s Requires high vacuum depending on material

‘% Mechanism: Physical process by

2 impact of ions (plasma state)

% (1) impacting target surface with

S accelerated ions (Ar+) +

Diffusio

=

% (2) knocking out atoms from the targeéubstrate** RS —

Ssurface 1 atoms

O (3) transporting atoms to the substrate Plasma LRF
for deposition Ar source |
(4) spin the substrate to achieve target — > =
uniform thickness g
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Spin Casting/Coating

« Viscous liquid is poured on center of wafer

« Wafer spins at 1000-5000 RPM for ~30s (thickness control)

« Baked on hotplate 80-500C for 10-1000s (volume reduction by 1/2)
« Application of etchants and solvents, rinsing

« Deposition of polymers, sol-gel precursors (SOG)

S Y g -',',

Deposition, Oxidation and Diffusion

M. Balucani MEMS Seminario 106/211
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Spin-On Glass (SOG) Process
c
e
3
=
o : Furnace :
L
! 15y =
g —_—
- —
g \\1&. A ——
% | EEEEE——
s 3D O ==
c" L eeeeed d
:g Hot plate :— :
I3 L 4
[o]
53
[a] Coating Baking Curing
Dispense Solvent evaporation MNetwork formation
wafer spinning (100~250T, N2 ambient) (350~450T, NZ ambient)
Edge Beard Removal (EBR)
Rinse
M. Balucani MEMS Seminario 107/211
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Doping — I
3 Diffusion

g
i
e
concentraticn |

distanee |

Drive In

4

concenration

Deposition, Oxidation and Diffusion

diztance

M. Balucani MEMS Seminario 108/211

24/11/2010
M.Balucani SEMINARIO MEMS



SAPTENZA

RVTRATA 14 Roban Processi Tecnologici Fondamentali
Solid Solubility

Diffusion Masks

Deposition, Oxidation and Diffusion

=

. Balucani MEMS Seminario 109/211
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Diffusion Coefficient

Dopant Chemicals
Salid Liquid Gas

Antimony Ska03

Arsenic Asp03 AsH3

Phosphorus P20 POCI3 PH3

Boran B203 BBr3 F3,
BCI3 BaHg

Deposition, Oxidation and Diffusion

x = /Dt

M. Balucani MEMS Seminario 110/211
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Impiantazione lonica
Use BF3 (boron trifluoride) gas as an ion source.

Shoot the B ions at the wafer,

Choose a proper energy .
s0 the B ions do not go through the oxide.

I | . |Bions

i oxide

|
1L _
v | wafer

Vendors: Eaton, Varian, Applied, Genus

The B ions implanted into the wafer
are going to produce the diode shortly.

] o source
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Implant Range Implant Spread

Deposition, Oxidation and Diffusion

M. Balucani MEMS Seminario 112/211
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Doping Precision
in volume wafer manufacturing

Ditfusion
10% is casy
5% with effort
3% very difficult, especially for low doses

Implant
5% is easy
% with effort; items:
channeling offset angle
gas scattering
wafer flexure when clamped

Deposition, Oxidation and Diffusion

M. Balucani MEMS Seminario 113/211
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|

Deposition, .
Oxidation, Diffusion [ | Lithography -
©) ,J 1—{ Cleaning (C), (PR Stripping + C) }—l
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Etching process

- Classification: (Wet vs. Dry), (Isotropic vs. Anisotropic)

- Wet vs. Dry etching
Wet etching : liquid etchant
Dry etching : gas or plasma
Physical vs. Chemical
Plasma, Sputter, RIE

Etch

- Issues of etching : Anisotropy, Selectivity

M. Balucani MEMS Seminario 115/211
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IRVERSITA K9 D8RR
Etching Issues - Anisotropy

« lIsotropic etchants etch at the same rate in every direction

/ mask

Etch

isotropic undercut anisotropic

M. Balucani MEMS Seminario 116/211
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Wet vs. Dry etching
Phase Accuracy | Complexity Process Mechanism
Cost
Liquid Low Simple Dipping Chemical
:Cg Wet (Undercut) Cheap
L
Gas High Complex | Gas(Vapor) | Chemical
Dry Plasma Expensive Plasma Physical
(x10-100) Sputter,
RIE
Chemical : Gas (Vapor-phase), Plasma
Physical : Sputter
Both : RIE (Reactive lon Etching)
M. Balucani MEMS Seminario 117/211
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Fasi del wet etching

L'attacco bagnato (wet) si svolge in tre fasi:
13 diffusione dei reagenti

2 reazione alla superficie

3.  trasporto dei prodotti della reazione

Etch

Difastan Wy, Diffusion
Heacibon

Reactants,

P
P

Tutte le soluzioni utilizzate contengono:
un ossidante
un acido o una base per attaccare I'ossido
un diluente per il trasporto dei reagenti e prodotti della reazione

M. Balucani MEMS Seminario 118/211
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Etching isotropo: profili

¢ Un attacco chimico bagnato puo essere isotropo o anisotropo.

[ Mk
e Per un attacco isotropo: f -
— il tasso di attacco € lo stesso in tutte le |
direzioni (il tasso verticale e quello = —_— —
laterale & lo stesso) = profili rotondi |
— quindi non dipende dall’orientazione
cristallografica e dalla maschera (forma " 7 W 7
e orientamento). |

Etch

— Gli attacchi isotropi provocano undercutting
— In genere si usano soluzioni acide
— Silavora a temperature basse (<50°C)

M. Balucani MEMS Seminario 119/211

SAPTENZA

rvs st an Roean Processi Tecnologici Fondamentali

Etching anisotropo: profili

e Un attacco anisotropo dipende fortemente dall’orientazione
cristallografica:

— il tasso di etching cambia di molto a secondo del piano cristallino a
contatto con la soluzione - trench e cavita;

— In genere si usano soluzioni basiche (KOH, NaOH, TMAH, EDP)
e si lavora a temperature alte (>50°C)

— l'orientazione, la forma e le dimensioni della maschera sono
determinanti nel processo di etching per la forma finale della
struttura.

Etch

(100} surface erentation 1110) surface anentation

(11
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Geometrie di etching

| piani {111} sono quelli pil vicini tra loro (maggiore densita
atomica), e vengono attaccati piu lentamente degli altri.

o Nei wafer {100} i piani {111} formano un angolo di 54,74° e
rappresentano i piani laterali delle forme di etching.

Etch

W, =W, +2a a=2z-cot(54,74°)
~ W, +42:2 az(ﬁlz)-z

M. Balucani MEMS Seminario 121/211
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Geometrie di etching

* Se l'apertura della maschera € piccola si riescono a ottenere delle
forme piramidali di altezza ~0,7'a

» Se |'apertura & abbastanza grande si riesce a bucare
completamente il wafer

'S — per wafer da 600um di spessore (6 inch) > W,_>849um
i
I(I 00 il-'nr-‘-rlu‘un.n-n |"I-| -|-|I-\\
e
M T [
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Geometrie di etching

» Siriescono ad ottenere pareti parallele allineando la
maschera a 45° rispetto al piano piatto (110)

Etch

* Si ha pero’ underetching pari alla profondita z poiché le
pareti sono tutte di tipo {100}

— Per tempi lunghi di etching possono comparire i piani {111}

M. Balucani MEMS Seminario 123/211
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Geometrie di etching

+ Gli angoli concavi circondati da piani {111} non vengono attaccati,
mentre quelli convessi vengono attaccati rapidamente:
— L'etching degli angoli convessi scopre piani {411} che hanno un etch rate molto alto.

Questo provoca undercutting che viene utilizzato per la costruzione di
cantilever

M. Balucani MEMS Seminario 124/211
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Materiali per maschere

e SizN,
— CVD & il migliore
— Sputtered € scarso
— Selettivita Si/Si;N, >10* in KOH

Etch

e SiO,
— Termico € il migliore
— CVD ha una velocita di etch 30% pill grande
— Sputtered € scarso (etch rate 2-3 volte maggiore)
— Selettivita Si/SiO, >15 in KOH

e Fotoresist
— Pochissimi minuti e soluzioni acide

M. Balucani MEMS Seminario 125/211
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Etching anisotropo

e |drossidi alcalini
— NaOH, KOH, CsOH

e |drossidi ammonici quaternari
— Idrossido d'ammonio NH,OH
— Tetrametilammonio idrossido (CH,),NOH

Etch

e EDP
— Etilendiammina NH,(CH,),NH,
— Pirocatechina C4H,(OH),
— Acqua

M. Balucani MEMS Seminario 126/211
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Stop Layers

Si usano stop layer per abbattere la velocita di etching:
Per I'etching del Silicio si usano strati drogati con

Controllare in modo esatto la profondita di etching & difficile

<
2
w - Soluzione Riduzione Drogaggio
& CREai dell'etch rate
2 - KOH 5 - 50 volte > 102cm?
= b NaOH 10 volte > 3:102%cm™3
: li] o o koes e TMAH 50 volte >7-10"%m3
) ==asi= EDP oltre 250 volte | > 10%%cm?®
| V]
T w'" wr W em? w®
DOFSNT CONCENTRATION
M. Balucani MEMS Seminario 127/211
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Micronozzle

Slicon Bame
i

Etch

Siicon

L Pattesn mask

Fon e

2. Echoacieinptt

3. Maskfrontside

4. AmisqiTopc eich

M. Balucani

MEMS Seminario 128/211
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Microneedles

Etch

M. Balucani

MEMS Seminario 129/211
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Etching dei metalli

* Rame e Nichel
— 30% FeCl,
— 5% Piranha (30% H,0,, 70% H,SO,)
+ Cromo
S — Acqua Regia (75% HCI, 25% HNO,)
W. Oro
— Acqua Regia
— Acidi iodici
» Argento
— Acidi iodici; HNO,

M. Balucani MEMS Seminario 130/211
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Electrochemical Etch Stop

« Emcirochemical sich stop
* nelype epltesdal bayer grown on p-type wafer fomns p-n diode
* p¥n -+ slechical conduciion
* p<R - reverse bigs curent

fg = Passhvation potential — posentiel at which thin SK., kawer
w Toumis, cifferent for p- and n-S1 =
0 ]
* Setup [ I

= e dliodie In mverse bles
+ ek fieating — skchedt

* n-beyer ahose prschalion
jpaianiial — not elchedd

alweizode

] OH
P8
Ol
Eon
i
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Electrochemical Etch Stop

= Elestrachernioal etohing on preprosessed CMIOS wafers
» -ype S5 well with clcults suspended frons SIC, sayport bean
»  Thenmelly ond slechically Bolobed

Etch

pTypeSuburas |

Houemes grogy, Siesla U,
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What Is Bulk
Micromachining 7

Etch

M. Balucani MEMS Seminario 133/211
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Pressure Sensors
= Endk micromachined pressuns
e A
*  Plazoresisivily — changs In ""“ - it
slsclical meistanes des
el s
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Pressure Sensors

+ Only 150 x 400 » 200 pm®
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Dry etching process
* Physical : Sputter
« Chemical : Gas (Vapor-phase), Plasma
* Both : RIE (Reactive lon Etching)

Wafars RF signal
Insulator

Etch

i 14 Upper slectrode

|| Lower electrode
P e e iadGs)] Wafer holder

$ Diffuser nossles
Gas Pump Gas

Typical parallel-plate RIE system

M. Balucani MEMS Seminario 136/211
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Sputter etching

- Principle of sputter etching is similar to sputter deposition

- Etching occurs due to ion impact
(1) Inert gas (usually Ar) is ionized and accelerated
to the substrate (why argon?)
(2) Atoms on the substrate surface are knocked out

-S without chemical reaction (physical)
i S e —
substrate
r '—ﬁ' electrode |~
Plasm atomsRF Plagm RF
Al g’;] Al lsourc
target —p =/ substrate —>——F—
7 5 |
Sputter deposition Sputter etching
M. Balucani MEMS Seminario 137/211
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Gas (or Vapor-phase) etching

(1) Injecting one or more gases into chamber
(2) Surface material (Si or SiO,) is etched by chemical reaction
Gas: HF (hydrogen fluoride) or XeF, (xenon diflouride)
both isotropic
Reaction: Si + 4F -> SiF,
SiF, is volatile and removed

Etch

Advantage : Simple
Disadvantage : Remove by-products formed on the surface

M. Balucani MEMS Seminario 138/211
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Vapor Phase Etching of Silicon

+ Vapr-phase elohant XeF,
2XeF,, + Si,, — 2Xe, + SiF,

= Teiep
+ e milinss ak weon T
= Gl aliamber, -4 Tom
= Pulzeed fo nonivol svofiemale beat o
Lol

=~ [Efch pabes: 1-3 pandnin fup o 07,
Ewofnople:
= Eich mesk= i 5 Al
pheiosssist, 20, 0N,
= s
I pam g

= Hermst v LT 1.3
by - =

Etch
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Etching with Xenon Diflucride

= Post processed CMOS Inductor

Etch

M. Balucani MEMS Seminario 140/211
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Plasma etching

What is PLASMA? Electrically neutral ionized gas
Regions of plasma vary with pressure and current
low current plasma (mA) : discharge (e.g. glow discharge)
high current plasma (>10A) : arc
Less than 1% of gas is ionized (weakly vs. highly ionized)
Other gas is dissociated -> Radicals are produced
Chemical reaction by radicals

Etch

Dissociation : CF, -> CF; + F*
Chemical reaction: Si + 4F* -> SiF,

Anisotropic and Selective etching is possible !

M. Balucani MEMS Seminario 141/211
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Reactive lon Etching (RIE)

Principle : Plasma is struck in the gas mixture and ions
accelerate toward substrate

Reaction occurs on the surface (chemical)
Impact of ion is similar to sputter etching (physical)

Controlling balance between chemical and physical
Physical : Anisotropic
Chemical : Isotropic

Deep RIE (DRIE) : altering two gas compositions
High aspect ratio of 50:1, High etching rate

M. Balucani MEMS Seminario 142/211
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Plasma Etching of Silicon
»  Plasma phase stching procsssss F‘ 2 | fpnysical)
« pslising ] S v/ [ rema
 Pigunsl nommsisetioe, Gnsted IS 4 e
* Plasma stching £ E
= “ I I I . I I I S pradck
£+ Fssive knsksiing (RE) ;—}J;;h ol
i " ikt | ek 9]
’ WE_“ o B g e enter
dirvrionsl »]
:‘:’._&Efm
{ ek
+  Crysddlline silicon o i
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High-Aspect-Ratio Plasma Etching

- Desp reeclive ion eiching (ORE] with P
inhibitor fim

»  indmctieolyconplad plasimea
» Bosch For e etciin
1.5 -4 pwfnin

* Elch cyule {5-12 s}
Bl g (31 ,7) elches 5

= Deposition cycle (5-15 5)
C,F, deposits fluorocarbon protective
palymer (-CF-),

» Bt meack selwcthity: S0, ~ 20001,
piveloresial + W0

Bldsnmell roangimsss: sealioping < 50 nin
v Bl englec 80 227
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Spring - Klasssen, ef af, 1955

M. Balucani MEMS Seminario 145/211
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POROUS SILICON MICROMACHINING

Use of porous silicon as sacrificial layer for
the formation of free standing membranes
on top of a cavity

Examples of free
standing polysilicon
membranes and
cantilevers.

Etch

M. Balucani MEMS Seminario 146/211
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Anodic etching of p-type silicon

+ <100> p-type silicon wafers (5-1000 @ cm),
300pm thick, 10cm diameter

« H,S0, / H,0, cleaning

+ anodic etchig using electrolyte containing

aqueous HF / DMF —solution
(Dimethylformamide)
+ galvanostatic condition (constant current)

Etch
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Anodic etching of p-type silicon

| St ot Kbl mieldon

prstas HEHO DME 58 G, =11 mijen® L
HF. HO: [GH).C00+(2238)

M. Balucani MEMS Seminario 148/211
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Porous Silicon

M. Balucani MEMS Seminario 149/211

SAPTENZA

rvs st an Roean Processi Tecnologici Fondamentali

Deposition,
Oxidation, Diffusion [ . _ -[I
(©) ,J 1—‘ Cleaning (C), (PR Stripping + C) }—l
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In Greek:
Photo = light
Litho = rock

E Graphy = write

% Photolithography = writing on rocks with light

—_

D

_8 Some people use the word photolithography in the original sense, including

*  etch. Most people in wafer fab use the word photolithography to mean just the

O photoresist part, through develop, not including etch.

_8 Another common fab word for photolithography is “masking”.

0. Photolithography for dimension much smaller than 1 mm is often called
“microphotolitography” or “microlithography” ,\00
Photolithography for dimension much smaller than 1 um is often called \e'b(\ &
“nanophotolitography” or “nanolithography” .bo W

§ «
G_,\_’b ((\Q’((\
€
M. Balucani MEMS Seminario 151/211
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* Classificazione litografica

Photoresist

[ Positivi | [ Negativi |

ILLUMINATED
BB ieias

MEGATIVE RE4IST POSITIVE RESIST
[ mesoenen wsouume Efrewoenen soLusLe

o B
s
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Photolithography Steps

Prepare substrate  Oxidize, perform CVD, metallize

=% .
Prepare surface Clean, dehydrate, prime, bake
Apply resist Spin, spray, dip
Sof bake Cure at low temperature to dry

Align and expose  Align and selectively expose

Develop Dissolve resist in selected regions

Develop inspect  Verify image accuracy

Hard Bake Cure £ her temperature

Etch Acid or plasma
Strip resist Acid, organie solvent or plasma
Final inspect Verify image accuracy

M. Balucani MEMS Seminario 153/211
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Apply Photoresist

Spin application is almost universally used
for IC manufacture.

Alternatives: roll, spray, dip, paint.
Photoresist is often called “resist” for short.

Equipment:

Stand alone module. Original models.

In-line wafer track. Common type in
existing fabs.

Most new fabs use complex *photoresist processing
equipment” that operates in 2 robotic cluster
mode, but is still often called “wafer track™)

Photolithography

M. Balucani

MEMS Seminario 154/211
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ASSPUMA € Resisis
Sellds: 7% - 0% in Chiarobsnrans

Spin Thickness

ABPIMA € Reviely
Salide: 8% - % in Chlorobentess

ANSPUALL & Resiatn
Salids: 2% - 6% in Anisole

(U
Salid 0% - 11% in dnissle

M. Balucani

MEMS Seminario 155/211
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Align and Expose

Exposure Method

fonasT EcauTy PROACTEn

Use LIGHT

SouRCE " @ &
1968 = =
1975 g
975 ot P
J— ——
1535 orgnr s

T siwson o
s Shadow printing
00 1998

Esposizione per Proximity:
e piccolo gap (da 3 a 50 pm)

e bassa risoluzione (diffrazione)
o tecnica 1X

L =49
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Projection Printer Stepper

The ficld o

oblem is sidestepped I i

i of view Also called DSW (Direct Step on Wafer),
g the image across the wafer. . : .
Works like the original mask maker

Name problem: Stepper is also 2 "projection printer”. small field of view, repeated exposures.

475 - 1985, Vendors: Nikon, SVG, Canon, ASM

Dominant technology

)/ SRS AN M:1 Step and Repeat
" teih iy | I 1:1 Step and Repeat
L | )
AN U __l /) | = s.zl'e“ EZé'LiZﬁl? the m&!ﬁ
\I_‘.-.__ _. _'] ] : m ﬁinsion (CD), target design
M. Balucani MEMS Seminario 157/211
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Expose photoresist with shorter wavelength, for smaller images:

Mercury Discharge lamp

g-line 436 om (violet) original technology

i-line 365 um ultraviolet (UV) most current fabs
Excimer lasers are now being introduced, for “deep” UV:

KF 248 nm for newest pilot fabs

AF 193 om proposed for future technology

Reticle Reduction
1982 Pilot Line mostly 10X
1987 Use in manufacturing mestly 5X. Some 1X (Ultratech)
1995 Mixtare 5X, 430 2X, 1X. 5X for “critical” layers
1996 Stepping scanner, with much larger field of view
1998 Many options available for reticle size

M. Balucani MEMS Seminario 158/211
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— =y
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o HEA il hocuning aod denge of g
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Q
o
>
(@]
a

u: () road aligemmers marks Bom sask,
liva position of mask wed walke 5o
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A—— Lift-off Process

Possiamo anche usare lo stesso PR
1 coat PR1 + soft bake

= <+«———— 2 over exposure PR1
3 coat PR2
- e l
M. Balucani MEMS Seminario 160/211
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aull-1 00Z/00SS SVd NSV

A1019201(] 1S2MIIN0S NODDNAS §661 woi arydein
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Soft Lithography

» Elastomeric polymer s Spin Coating
castinaSistampand oo | v

Patteming

(8U8)
cured W
Plasma Treaiment

» Polymer is peeled off poc of v (cim
» Channel architecture Pws/\ Pousing Prapetyinat
thus transferred to the —
pOIymer B"IMD‘!E\ * Peeling Off
+ PDMS technology is - )
becoming popular \'v- e
Access Ports
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Also called Wafer Test, Electrical Test Sample Probe

| like to call this the Fab Area Test because this is our first chance to test our device
Make contact to the pads with probe wires, use a PC board fixture to hold the probes
Equipment: wafer handling, probe station, computer

Manipulator
-1l '

3 ‘\\l/ \VAVA VA

DIB | |

== B

[ probe card ]
prober Prober DIB PogoTower
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SAPIENZA

EROVERSTTA K8 TO6eA.

We just finished “Front End”, which is another name for Wafer Fab
Next, comes “Back End” or “Packaging”

) o o g o Swmmn  oame ke

42 million of transistor
281 chips in 300mm wafer

M. Balucani MEMS Seminario 164/211

ﬂ[&m Processi Tecnologici Fondamentali
Packaging: cos’é?

E’ necessario:

v’ Garantire connettivita EM,

ottica, o fluidica con I'ambiente
esterno (Interconnessioni)

v' Proteggere il sistema da fattori elettrici
e ambientali che potrebbero inficiarne
il funzionamento

v' Ottimizzare la dissipazione
del calore
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Processi Tecnologici Fondamentali

Classificazione Packaging

M. Balucani MEMS Seminario 166/211

SAPIENZA
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Processi Tecnologici Fondamentali

Materiale:
v Plastica
v’ Ceramica
v Metallo

Pin:

v/ Numero

v Disposizione spaziale
v Forma

Classificazione Packaging

Montaggio:

v THT (Through Hole Technology)
v/ SMT (Surface Mount Technology)

Bonding: (Tecniche d’interconnessione)
v’ Wire bonding

v/ TAB (Tape Automated Bonding)

v" Flip chip

M. Balucani MEMS Seminario 167/211
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Processi Tecnologici Fondamentali

Through Hole Technology

gﬁ

=

ERDF

Surface Mount Technology

> £

L T /LME{_/_L/L

SOLOER Ay 0

n'

small utine
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PGA o Pin Grid Array
Tecnologia TH

BGA o Ball Grid Array
Tecnologia SM

M. Balucani MEMS Seminario 169/211
mﬂsu £ IE.L mIZ Processi Tecnologici Fondamentali
Griglia di sfere di materiale saldante
Si fauso di layer per la ridistribuzione
dei contatti -

Diametro sfere = (100+500) um
Tecnologia flip chip (sfere sui pad)
Fissaggio con ultrasuoni

Dopo il montaggio si deposita strato
adesivo isolante lungo il perimetro
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ﬂ'}m Processi Tecnologici Fondamentali

MEMS Packaging
* IC Packaging

*Well developed processes (dicing, pick and
place, wire bonding....)
*30% to 95% of the manufactoring cost

+ MEMS Packaging

*Specially designed process
«Difficult to package moving strucutres
*Most expensive process in micromachining
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MEMS Packaging Issue

* Example P i
Surface-Micromachined '
accelerometers by Analog
Device, Inc.

* Key Issues

Free standing
microstructures
Temperature sensitive
microelectronics

ADXLS50 by Analog Devices, Inc.

M. Balucani MEMS Seminario 172/211
mﬂEEum Processi Tecnologici Fondamentali
Proposed Approach

e To adopt IC packaging Lltiiesb s At
processes as much as §
possible

e To protect MEMS
devices and follow IC
packaging processes

e Encapsulations (caps)
are required

M. Balucani MEMS Seminario 173/211
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MEMS Encapsulation Process

* Integrated MEMS Encapsulation Process

» Guckel (1984) reactive gas sealing
* [keda (1988) epitaxial deposition
» Smith (1996) CMP + film deposition

» Wafer Bonding Process
* Anodic Bonding (1969) SOl, pressure sensor...

* Fusion Bonding (??) pressure sensor......
+ Eutectic Bonding (??) assembly, packaging....
M. Balucani MEMS Seminario 174/211
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Wafer (Device) Bonding Process

* Anodic Bonding
» Temperature @~450°C, voltage @~1000 volts
» Silicon (metal) to glass s

» Fusion Bonding
» Temperature @~1000°C
» Silicon to silicon (glass, oxide)

» Eutectic Bonding
» Silicon to metal (silicon to gold @~363°C)
solder! Metal to metal (gold to gold, copper to copper)

M. Balucani MEMS Seminario 175/211

SAPIENZA
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FC150 — AUTOMATED.D/ DER

¢ +1pm, 3o Post-Bond Accuracy

» Die Bonding, Flip Chip

* Wafer-to-wafer Bonding
Capability up to 100mm Square

» Force up to 200 kg

* Temperature up to 450°C
Independent heating for chip and
substrate

» High Process Flexibility

M. Balucani MEMS Seminario 176/211
rvs st an Roean Processi Tecnologici Fondamentali
@ Step 1
g‘ — Upper device is loaded face down onto the
= Upper device bonding arm
8 g on bonding arm — Lower device is loaded onto the lower chuck
= = _ Looking through upper lens of the optics
= = (blue path), the automatic alignment system
gy J 1 . S VA or the operator locates and centers the
5 = or device features marks or features of the upper device in the
gE ] 54 field of view
2 — Looking through lower lens of the optics
= (red path), the automatic alignment or the
<3 z operator aligns the marks or features of the
I T lower device to the marks or features of the
‘u;» upper device
L
Step 2
4] Heat &Force Control ~ The bonding arm moves down to contact
pATm upper device with lower device and
== performs the bond according to the
= — ;
- e /. programmed bond profile
Gap control T T T T T Heatcontrol
M. Balucani MEMS Seminario 177/211
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MEMS BONDING DIRECTION

Localized heating, bonding and depostion (only principle)

Cavit Micropackage Substrate
Isolation \
Microheater \ \‘\ Mm Otwo

“rﬁ Eiﬂ

T_.ﬁ Circaitry MEMS 5 Device ¢
as T

Many other possibility
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MEMS BONDING DIRECTION

Advantages:
- Independent of MEMS processes
- Low temperature process at the wafer level
- Localized, high temperature bonding

- Material reflow to overcome the surface roughness
problem

- Hermetic sealing
- SoC MEMS+IC

M. Balucani MEMS Seminario 179/211

(% SAPTENZA
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LOCALIZED HEATING

B

Silewn Tl
10y (Mficre Heslory

Si Suhstrate

Temperature control
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Advanced Packaging

M. Balucani MEMS Seminario 181/211

Processi Tecnologici Fondamentali

Final Test

Burn-in Test

M. Balucani MEMS Seminario 182/211

Esempi di Processi MEMS
Surface Micromachining
Micromachining a Cantllever

/";{“.\“x -’;iik\a"?:-‘ "i%“a__\.‘
- T \'\}T:‘; i "N
Doponiis pofomn side.  Deposhi & posemnpaly - contiover

‘ 3 substrate Si substrate ‘ S sunstaic |
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Thin Film Deposition

« Chyemical Viapor [ o
= Polysllicon

= Sllloon diwddes

= Theanmal cxidation
- Sillcon dboadde

» Physleal Vapor Deposition
« Evaporation of metals
+ Spudiering of metals, diskeckics

M. Balucani MEMS Seminario 184/211
mﬂE ”;umlz Esempi di Processi MEMS
Resliduzl Stress In Thin Fllms

* Residuslfimstiess GGG

il wranks o sspamd. wants fo shrink
Consioined o mibeinde, Consinedved o sufdmia,
bentz i i comass sy s it i concove Y.
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Stress Gradients
.m

» Siress gradient: (+) or (] -,
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Lateral Resonator

M. Balucani MEMS Seminario 187/211

mm Esempi di Processi MEMS

Cross Section

L
S

s

-4
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Esempi di Processi MEMS

Siticon Substrate
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MultlUser MEKS Process

+  Microslectronics Center of Morth

[(ateriat

Nitride i =
Paly & : POLYS (HOLED)
First Oxioa LRMPLE

ANCHOR1
Poly 1 20 POLY 1 (HOLET}
Second Oxide 075 POLYT POLY2 VIA

ANCHORZ
Foly = 35 FOLYZ (HOEEZ)
Whetal 0.5 METAL (HOLEM)

M. Balucani MEMS Seminario 190/211
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Micromotor Process Flow |

rye -y o I i ! !
-, -
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SAPTENZA Esempi di Processi MEMS

Elnr A i Koera

Micromotor Process Flow I
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Sandia SUMMIT Process

M. Balucani MEMS Seminario 193/211
mm Esempi di Processi MEMS
SUMMIT Devices
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w_@m Esempi di Processi MEMS
Digital Micromirror Display

*  Taotas Instnamwnts DD Msary,

» D amray o oopklical
waieiing phesks on sllloon
subsiate.

* 2 piscimdes under yohe
i umed o 98 nalvor 2 47

* Component in =17
prafecior rands
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Esempi di Processi MEMS

DMD Fabrication

M. Balucani MS Seminario 197/211
ms“l.,r,k:m Esempi di Processi MEMS
MEMS Devices

et Piof. Kiis Fisier
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Hinge Process Flow
Deposit fiesd saciliickd Dol e peibeimy Ssconid
Deposit and paltesn fistpay woiificld I
- - ) '

Pinfar
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Esempi di Processi MEMS

Pop-Up MEMS

Corner Cabe Rellecior : W Hew, THED
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ﬂ&m Esempi di Processi MEMS

Assemblin
+  Assambly using
*  Fluldic agikailon
= On-chip sciuatons
* opneis fooss

e LT
Fisler oo 5 Shulfor & Lov mrosso
M. Balucani MEMS Seminario 201/211

24/11/2010
M.Balucani SEMINARIO MEMS



mm Esempi di Processi MEMS
Molding Hexsil

ez, L LN MUIER
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Esempi di Processi MEMS

Hexsll MEM3
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w_&m Esempi di Processi MEMS

Silicon on Insulator Process
» Silicon-oa-Inedinior (SO wefer AR
= Thim beyer of SC3 {10 of man — 107 of
i o oo kper (faer W0's of neng
o1 Fradls F ol
= SREON
= Enamdead 00
= CRIOR conmpaliide
» Caml: ~R200 per vl
=
= Dy asiciiing e pelisan B haysr
= Etch burted 2IC3, to pelencs
SI{500) iy
‘ ﬁ"a

RO RS ¥
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mm Esempi di Processi MEMS
EFAB Technology

Ultra-precision freeform metal manufacturing technology for medical
devices

Enables and enhances minimally-invasive procedures

Multi-layer process builds unlimited variety of complex, functional 3-D
millimeterscale devices

Produces virtually arbitrary shapes, including internal features
Tolerances and minimum features sizes down to ~0.002 mm (0.0001")

Cost-effective:
Assembly can often be eliminated by buildingjé
mechanisms with independent moving pars
Wafer-scale batch process builds 100s-1000
time
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ﬂ'}m Esempi di Processi MEMS
EFAB Process Flow

EFAB is an additive/subtractive process
Devices are “grown” layer-by-layer on a wafer from at least 2
metals: 1 is structural and 1 is sacrificial

Step 1 - Pvavnern Step 2 — Blanket Step 3 -
deposition of deposition of Planarization
structural metal el

Device before release Device with sacrificial Finished device after etching
metal transparent away sacrificial metal
M. Balucani MEMS Seminario 207/211
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Step 1 Pattern Deposition After n Layers
I-Kil!\(lﬂ
B
. Subatrate —
Step 2 Blanket Deposition
Structursl __ r-#
- Final Structure After Etching
Sacrificial Material
Step 3 Planarization
First Layer
M. Balucani MEMS Seminario 208/211
s o1 heowen Esempi di Processi MEMS

EFAB Technology

= sl
Layer thicknesses can be optimized to reduce stair step-related
roughness along the vertical axis.
Singol layer Z = 4-29 micron
N° Layer up to 50, typ. 15-20
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Example of EFAB Technology
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Example of EFAB Technology
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